Context Landscape structure influences host-parasitepathogen dynamics at multiple scales in space and time. Landscape epidemiology, which connects disease ecology and landscape ecology, is still an emerging field. Objective We argue that landscape epidemiology must move beyond simply studying the influence of landscape configuration and composition on epidemiological processes and towards a more comparative, systems approach that better incorporates social-ecological complexity. Methods We illustrate our argument with a detailed review, based on a single conceptual systems model, of geographic variation in drivers of avian influenza in Western Europe, Southeast Asia, and Southern Africa. Results Our three study regions are similar in some ways but quite different in others. The same underlying mechanisms apply in all cases, but differences in the attributes of key components and linkages (most notably avian diversity, the abiotic environment, land use and land cover, and food production systems) create significant differences in avian influenza virus prevalence and human risk between regions. Conclusions Landscape approaches can connect local-and continental-scale elements of epidemiology. Adopting a landscape-focused systems perspective on the problem facilitates the identification of the most important commonalities and differences, guiding both science and policy, and helps to identify elements of the problem on which further research is needed. More generally, our review demonstrates the importance of social-ecological interactions and comparative approaches for landscape epidemiology.
Introduction
Recent years have seen increasing recognition of the influence of landscape structure on both plant and animal health. Global trends in land use change and related activities, such as deforestation, agriculture, irrigation, and urbanisation, have profound implications for the biophysical environment, the structuring of communities of other organisms, and the biotic interactions that drive populations and communities of parasites and pathogens (Patz et al. 2004) . It is no coincidence in a time of massive anthropogenic landscape alteration that parasites and pathogens are increasingly emerging as health threats to the human population (Daszak et al. 2000 (Daszak et al. , 2001b Jones et al. 2013) . Ostfeld et al. (2005) noted that few studies had considered how landscape structure (composition and configuration) influences disease risk or incidence, and argued in favour of 'a true integration of landscape ecology with epidemiology'. Landscape epidemiology, which deals with this integration, focuses on 'how the temporal dynamics of host, vector, and pathogen populations interact spatially within a permissive environment to enable disease transmission' (Reisen 2010) . Meentemeyer et al. (2012) stated that landscape epidemiology 'integrates concepts and approaches from disease ecology with the macroscale lens of landscape ecology', but also noted that although landscape epidemiology emerged in tandem with landscape ecology (Pavlovsky 1966; Galuzo 1975) , it is still struggling to find its own identity.
Given the lack of a clear paradigm of landscape epidemiology, better integration between existing ideas in landscape epidemiology and other closely related areas of research (as discussed in the next section) seems desirable. We begin with a brief overview of landscape epidemiology and a discussion of the merits of a comparative social-ecological systems approach. We then present a detailed case study of avian influenza that illustrates how (1) consideration of social-ecological feedbacks can alter our understanding of landscape epidemiology, particularly where the socioeconomic environment varies in space, and (2) a comparative systems approach, in which a systems model is used to explore differences in effect sizes and interactions between discrete landscapes, can contribute to understanding geographical and betweenscale influences on epidemiology in ways that go well beyond simply considering the influences of landscape structure on pathogen occurrences.
Integrating landscape epidemiology and systems ecology
Landscape epidemiology is closely allied to 'spatial epidemiology', which has been defined as 'the study of spatial variation in disease risk or incidence' (Ostfeld et al. 2005) or 'the description and analysis of geographic variations in disease with respect to demographic, environmental, behavioral, socioeconomic, genetic, and infectious risk factors' (Elliott and Wartenberg 2004) . We use 'landscape epidemiology' (Pavlovsky 1966) as the older of the two terms.
Landscape epidemiology has been recently reviewed by Reisen (2010) and Meentemeyer et al. (2012) . Reisen (2010) adopted a biophysical definition of a landscape and focused on the creation by different interacting factors (hosts, landscapes, people) of a dynamic space, the 'nidus', in which pathogen transmission may occur. The properties of this space depend on the ecological attributes of the species involved in the interaction and the spatial structure of the broader landscape, including anthropogenic influences. Meentemeyer et al. (2012) emphasized the importance of scale and in particular, cross-scale processes and feedbacks. They argued that new dynamic models are needed to facilitate our understanding of epidemiological functional connectivity across landscapes and recognized the reciprocal feedbacks between human behaviour and disease dynamics as an integral component of landscape epidemiology. Many of the ideas that currently form the core of landscape epidemiology are summarized in the 10 propositions of Lambin et al. (2010) (Table 1) .
Several papers have extended landscape epidemiological concepts and empirical evidence since the most recent comprehensive review of the topic (Meentemeyer et al. 2012) . Robinson et al. (2013) provide a good example of a quantitative approach that connects dispersal models with landscape structure to understand the spread of chronic wasting disease through populations of white-tailed deer in the Midwestern USA. Lane-deGraaf et al. (2013) developed an agent-based modelling framework for thinking about the relationships between landscape structure and parasite spread by long-tailed macaques, and Altman and Byers (2014) found a strong impact of anthropogenic landscape elements on trematode populations. Empirical evidence for the importance of landscape elements in disease dynamics has also been rapidly increasing; in the last 2 years, for example, land cover and land use patterns have been shown to influence (amongst others) the transmission risks of West Nile Virus, tick-borne babesiosis, and Lyme Disease in the USA (Tran and Waller 2013; Walsh 2013; Gardner et al. 2014) , Nipah Virus in Bangladesh (Hahn et al. 2014) , Scrub Typhus in Taiwan (Wardrop et al. 2013) , and malaria in Senegal and South Africa (Ngom et al. 2013; Okanga et al. 2013) .
Landscape epidemiology overlaps in important ways with many ideas in community ecology and biogeography. Most ecological communities are open, in the sense that they are connected by dispersal to regional pools of species (including hosts, parasites, and pathogens) and food webs (Polis et al. 1997 (Polis et al. , 2004 . Community openness, coupled to spatial heterogeneity, has a variety of implications for community-level processes that can facilitate the coexistence of different host species and of hosts and their parasites and pathogens (Holt and Dobson 2007) . The diversity of open systems may be enhanced by migration and habitat selection, which can enable the coexistence of similar species by regulating populations at different seasons; by a range of metapopulation processes, such as differences in colonization ability and responses to disturbance; and by source-sink dynamics, which can allow an inferior competitor to persist in one community if it is a superior competitor in a nearby community (Holt and Dobson 2007) . These same principles are important for understanding the spread and maintenance of pathogens across landscapes.
From an interdisciplinary perspective, host-parasite-pathogen systems have all the characteristics of a complex adaptive system (Pearce and Merletti 2006; Norberg and Cumming 2008) . Specifically, their dynamics cover a wide range of different but interacting scales, at different speeds; they are structured by gradients and influenced by membership in networks; and they typically include complex feedback loops, nonlinear relationships between cause and effect, and indirect effects such as trophic cascades (Plowright et al. 2008; Keesing and Young 2014; Moore et al. 2014) . To make sense of such complexity, in-depth individual case studies of single host-parasite and/or host-pathogen systems-the traditional approach in epidemiology-are necessary but not sufficient.
Coping with complexity depends not only on better models of local and regional spatial interactions, but also on developing a comparative approach that facilitates quantitative analysis of multi-scale spatial (2) Spatial variations in disease risk depend not only on the presence and area of critical habitats but also on their spatial configuration (3) Disease risk depends on the connectivity of habitats for vectors and hosts (4) The landscape is a proxy for specific associations of reservoir hosts and vectors linked with the emergence of multi-host diseases (5) To understand ecological factors influencing spatial variations of disease risk, one needs to take into account the pathways of pathogen transmission between vectors, hosts, and the physical environment (6) The emergence and distribution of infection through time and space are controlled by different factors acting at multiple scales (7) Landscape and meteorological factors control not just the emergence but also the spatial concentration and spatial diffusion of infection risk (8) Spatial variation in disease risk depends not only on land cover but also on land use, via the probability of contact between, on one hand, human hosts and, on the other hand, infectious vectors, animal hosts or their infected habitats (9) The relationship between land use and the probability of contact between vectors and animal hosts and human hosts is influenced by land ownership (10) Human behaviour is a crucial controlling factor of vector-human contacts, and of infection After Lambin et al. (2010) Landscape Ecol (2015) 30:963-985 965 influences across different landscapes (Polis et al. 2004; Cumming 2011b, c) . Scientific understanding of pathogen dynamics is often conditional on a particular set of study conditions and local parameters (e.g., local climate, available host species, movement patterns, and human environment). If these conditions do not represent the full range of conditions under which the pathogen is found, knowledge from one region may not be directly applicable to another region. For example, the 'global' model of Herrick et al. (2013) is based primarily on northern hemisphere rainfall data, with only three very general indices of anthropogenic influences; it is therefore unsurprising that it predicts that northern conditions are suitable for avian influenza viruses (AIVs). The challenge for landscape epidemiology is to move from such oversimplified interpolations and disconnected case studies to a more general framework, under which the relevance of studies at particular locations is clear because they are used to test and refine more general explanatory hypotheses (Pickett et al. 2007 ). The problem of locally specific parameters is exacerbated by the classical focus of landscape epidemiology on a relatively small number of biophysical variables and on target populations rather than target communities. Individual organisms and their parasites and pathogens are embedded in communities of species, not just in single-species populations. Recent years have seen the incorporation of parasites more fully into food web analyses Lafferty et al. 2008) but these analyses often ignore the role of spatial heterogeneity (Polis et al. 2004) . Similarly, although systems approaches have been applied quite widely in the One Health literature, they are mostly specific to a single system (Zinsstag et al. 2011 ). The epidemiology of many pathogens is strongly influenced by human management, landscape modification, and production systems for domestic animals (Myers et al. 2013) ; and the roles of wild animals as vectors and hosts create an equally strong ecological component. These different elements are seldom considered over broad spatial extents, or from a social-ecological systems perspective.
Systems perspectives often lead to quantitative models, but their deeper value comes from the ways in which they can be used to frame a problem and think through the important variables, interactions, and dynamics within a particular problem space. To demonstrate the value of a comparative, systems approach to host-pathogen interactions, and the importance of geographic comparisons of both social and ecological system elements for landscape epidemiology, we use a detailed case study of the landscape epidemiology of avian influenza.
A comparative systems approach to landscape epidemiology: the example of avian influenza
Overview
AIVs are widespread and occur across a range of conditions of (amongst others) climate, host community composition, and transmission cycles. AIV research has concentrated on the fine-scale details of transmission (e.g., contact rates, details of viral shedding; Caron et al. 2009 ) with relatively little assessment of geographic, community-level, and anthropogenic variation. We compared AIV dynamics in Western Europe, Southern Africa, and Southeast Asia (Fig. 1) . We did not try to include all areas that are considered geographically important for AIVs; our approach is illustrative, not exhaustive, and could easily be extended to other locations. We selected these particular locations because they are very different from one another, both socially and ecologically, and hence provide a suitable crosssection of global conditions to support generalisation. We used a conceptual systems model (Fig. 2) to identify key commonalities and differences between regions. Processes are considered at three different scales: local, regional (including national and multinational), and global. At the local scale, AIVs are influenced by wild and domestic birds, by other pathogens, and by the environment. The environment includes the abiotic template (e.g., rainfall, temperature, topography), biotic system elements (e.g., vegetation type, predators) and anthropogenic elements, most notably the dominant land uses and land cover types within the area. Land use and land cover Landscape Ecol (2015) 30:963-985 967 are driven by regional and global economic and institutional factors, including such things as commodity prices, regulations, and national and international policies (Geist and Lambin 2002) . The ecological consequences of global economic processes, such as anthropogenic climate change, may also affect AIV distributions and prevalence. Although some system elements are indirectly or weakly related to AIVs for much of the time, many interactions assume greater importance at particular times or under certain conditions. For example, water storage capacity is strongly driven by national policy and local demand, as expressed through domestic use, recreation, food production, and hydroelectric power (Grey et al. 2013) . By providing key dry-season habitat and food resources for anatids, managed impoundments can be critical to the persistence and concentration of bird populations and the pathogens that they may carry.
There are significant differences between our three focal regions in the nature and relevance of the different components and the strengths of the different interactions between components. To illustrate the complexity of the problem in depth, and the many feedbacks between social and ecological systems, we first describe each model component and its immediate interactions individually and then synthesize these pieces to provide a comparative overview.
System components and interactions
This section details the contents of each of the model components displayed in Fig. 2 , which provides a road-map for understanding the relevance of each subsection. We discuss each component in isolation first and then consider the ways in which they are connected within and across landscapes.
Influenza viruses
The influenza A virus is mainly found in wild ducks and shorebirds. It replicates in the respiratory and gastrointestinal tracts, usually with no clinical symptoms, and is excreted into the environment through mucosal exudates or in the faeces. Other birds ingesting contaminated food or water become infected, thereby maintaining the infection cycle. Infections may last for several weeks. Of the 18 serotypes defined by the hemagglutinin surface antigens (Tong et al. 2013) , the H5 and H7 serotypes cause highly pathogenic avian influenza (HPAI) in poultry, and are potentially zoonotic. The remaining avian influenza serotypes are referred to as low pathogenicity avian influenza (LPAI).
Few studies have focused on the susceptibility of different species to infection and to different serotypes (Costa et al. 2011) . Juvenile birds are immunologically naïve and may be both highly susceptible to infection and prolific shedders of the virus (van Dijk et al. 2014) . AIVs exhibit geographic differences; for example, H5N1 HPAI has been found in Southeast Asia and Western Europe but not in Southern Africa. In general, however, the biogeography of avian influenza is insufficiently well known to adequately compare patterns in AIV biodiversity across our three regions.
Wild bird community
The main natural maintenance hosts for low pathogenic avian influenza (LPAI) are birds in the family Anatidae (geese, swans, and ducks), of which there are c.162 species globally. Western Europe has lower overall avian diversity than the two other regions, but has a speciose and abundant anatid fauna that includes 51 anatid species: 3 swan species, 14 goose species, 18 freshwater duck species, and 16 sea duck species (British Trust for Ornithology 2014). Substantial populations of many of these are migratory, with movement corridors running north to the Arctic, east into Asia, and south into West and East Africa. Anatids may reach very high densities in Western Europe, particularly at pre-migration staging areas. Duck restocking for hunting is common, with several million hand-reared wild ducks (mostly mallards, Anas platyrhynchos Linnaeus, 1758) released each year (Söderquist et al. 2013) .
Southeast Asia hosts around three quarters of the Asian region's 2700 bird species (Unwin 2011) . For the area including Thailand, Vietnam, and Cambodia there are 37 anatid species: 2 swan species, 7 goose species, and 28 duck species (Bhushan et al. 1993) . Unlike the two other regions, the Southeast Asian anatid community contains a mix of migratory species (e.g., Garganey Anas querquedula Linnaeus, 1758) that breed in temperate and boreal regions of Asia, and resident species (e.g., Lesser Whistling Duck Dendrocygna javanica Horsfield, 1821) that breed in tropical regions. Within the broader Asia-Pacific region there are three main flyways: Central Asian, East Asian-Australasian, and Central Pacific. The East Asian Flyway connects Southeast Asia to Australia and northern Asia. Some of the major flyways that extend into Europe, Africa, and the Americas also have their origins in northern Asia (Mundkur 2006) , with some shared breeding and moulting sites, making Asia a potential mixing point for AIVs from around the world.
Southern Africa has c. 950 documented bird species of which a substantial component of songbirds, raptors, terns, and wading birds migrates annually to and from Western Europe. There are 16 indigenous, locallybreeding duck species in Southern Africa and a small population of feral Mallard Ducks. Southern Africa has no true geese and no swans. None of the Southern African ducks, with the possible exception of the Knobbilled Duck Sarkidiornis melanotos Pennant, 1769, is a true migrant (Oatley and Prys-Jones 1986) and most Eurasian migratory anatids overwinter north of the equator. Moult migrations (annual, long-distance, directed movements to large waterbodies for the purpose of flightless moult) have been documented for Egyptian Geese (Alopochen aegyptiaca Linnaeus, 1766), and evidence for Red-billed Teal (Anas erythrorhyncha Gmelin, 1789) and White-faced Whistling Duck (Dendrocygna viduata Linnaeus, 1766) suggests the occurrence of similar radial movement patterns Observed changes in AIV prevalence are a consequence of spatial and temporal variation generated across multiple different scales by a combination of social, economic, and ecological patterns and processes. The exact nature and strength of the different linkages within this model are less important than the general point that avian influenza viruses are components of a complex system that exhibits high variation in both space and time and contains many feedback loops both within and between different scales. Our understanding of the dynamics of avian influenza viruses in wild bird populations currently depends on regional snapshots of subsets of the different components of the model, rather than on a general and more integrated view such as the one presented here Landscape Ecol (2015) 30:963-985 969 (Petrie and Rogers 1997b; Cumming et al. 2012a ) as well as possible nomadic movements (Hockey et al. 2005) . Ducks occur in Southern Africa at lower abundances than in Western Europe and Southeast Asia but show a variety of different breeding and moulting strategies, meaning that in many wetlands there are ducks present year-round as well as potentially high densities of wading birds, gulls, terns, and coots.
Abiotic components
Waterfowl are influenced by such abiotic factors as precipitation, climate ( Fig. 1) , topography, and wetland distribution (Owen and Black 1990) as well as vegetation and anthropogenic influences. Climate and water quality play key roles in the persistence and transmission of AIV in waterfowl communities Roche et al. 2009 ). Western Europe has a diverse, heterogeneous landscape that is dominated by forests and woodlands, agriculture, and grassland. It has plenty of permanent surface water and a temperate climate. The high seasonal variation in temperature and precipitation is critical for waterfowl, which avoid winter by migrating out of the Palaearctic. Southeast Asia has a tropical climate with a land mass dominated by agriculture, savannah, and tropical rainforests. While rainforest is generally a poor environment for waterbirds (with a few exceptions; e.g., White-winged Wood Duck Carina scutulara Müller, 1842), areas that have been cleared for agriculture, riverbanks, and large impoundments within forested areas may provide suitable habitat. Rice paddies, for example, may be extensively used by ducks (Gilbert et al. 2007) . Rainfall is high and occurs throughout much of the year, and water levels influence waterfowl breeding and aggregation patterns. Many indigenous waterbird species are adapted to take advantage of the monsoonal floods that often occur MaySeptember in low-lying areas. Annual average temperature and humidity in Southeast Asia are high, with little variation, meaning that some species can breed throughout the year. Asia's topography has a strong influence on its vegetation, and its mountains are high enough to function as geographical barriers that channel migratory birds into corridors or flyways.
Southern Africa has a semi-arid climate with dry, mild winters and hot, wet summers (apart from the Cape). There are large areas of semi-desert and relatively little forest, and its mountains are not high enough to channel migratory birds into corridors (Hockey 2000) . It has high spatiotemporal variation in precipitation (Tyson 1986; Dilley 2000) but not in temperature. Many waterfowl breed opportunistically in ephemeral water bodies (Hockey et al. 2005) . Towards the end of the dry season, high densities of waterfowl can be found at some permanent wetlands as ephemeral wetlands dry down (Mundava et al. 2012) .
Many varieties of AIV have been isolated from standing water, suggesting that it can act as both a source of contamination and a reservoir (Brown et al. 2007) . The virus persists for longer at cooler temperatures (4-17°C), slightly basic pH (7.4-8.2) and in fresh-brackish water (salinity from 0 to 20,000 ppm; Brown et al. 2007 Brown et al. , 2009 Weber and Stilianakis 2008) . Theoretical models of AIV prevalence have suggested that environmental persistence of the virus contributes more to transmission in temperate regions Van Dalen et al. 2010) , while direct interindividual transmission is more important in tropical regions . However, the range of conditions for AIV persistence overlaps with conditions in Southern Africa during winter and part of summer.
The differing compositions and configurations of the abiotic elements in each of our three case study landscapes have important implications for the temporal elements of landscape epidemiology. Waterfowl live in highly mobile populations that may aggregate and disaggregate several times during a year. As the patterns of different landscape features (such as waterbodies and agricultural lands) change in time, they drive the movement of waterfowl and the resulting movement and transmission of their pathogens. Landscape variation in the abiotic elements of greatest relevance to avian influenza occurs at fine temporal scales (e.g., anthropogenic manipulation of water levels in dams), medium temporal scales (e.g., variations in rainfall within a season) and broad scales (e.g., annual seasonality and decadal weather patterns). Long-term, finescale data sets will be essential for understanding how this variation affects epidemiology.
Interactions between environmental factors and AIV prevalence
The prevalence of AIVs in waterfowl depends on the interaction between host ecology, ecological region and seasonal fluctuations in environmental factors. Standard approaches for predicting species occurrences (Cumming 2007a; Elith and Graham 2009; do not necessarily translate well into a landscape epidemiology context to predict pathogen occurrences because of the additional complexities involved in having an animal, rather than a biophysical habitat, as the pathogen's habitat. In Southern Africa, for example, Cumming et al. (2011) found no clear annual pattern of AIV prevalence in waterfowl and explained this as a consequence of the dynamic nature of wetland resources and the flexibility of waterfowl movement strategies (Caron et al. 2011; Cumming et al. 2011 Cumming et al. , 2012b . In a sample of Afrotropical wetlands that included data from East and West Africa as well as Southern Africa, showed that although variation in AIV prevalence was related to waterfowl density and the arrival of European migrants, it was not influenced by regional climatic conditions. By contrast, predictable peaks in AIV prevalence occur in Europe and North America in autumn, prior to migration (Wilcox et al. 2011; Latorre-Margalef et al. 2014; van Dijk et al. 2014 ). This pattern is a consequence of large pre-migration concentrations of waterfowl with high proportions of immunologically naïve juveniles (Latorre-Margalef et al. 2014; van Dijk et al. 2014) .
Other studies have highlighted the role of specific environmental variables as important factors in AIV risk assessments. Liu et al. (2007) found that outbreaks of HPAI H5N1 in Eurasia occurred during or immediately after a rapid decrease in temperature. Temperature, NDVI (normalised difference vegetation index, a measure of vegetation greenness) and precipitation were found to be key environmental factors for creating accurate risk maps for H5N1 outbreaks in Europe (Gilbert and Pfeiffer 2012) . Elevation, particularly in Southeast Asia, correlates with spatial variation in AIV prevalence in Thailand, Indonesia and Vietnam (Gilbert and Pfeiffer 2012) because agricultural land, which has higher risks of AIV transmission between wild and domestic birds, tends to be lower-lying. Paul et al. (2014) found that AIV prevalence was negatively associated with distance to the closest water body in the Red River Delta, Vietnam highlands and Madagascar. They also found a positive association between AIV and duck density in the Vietnam highlands and Thailand, and with rice landscapes in Thailand and Madagascar, confirming the important role of wetlands-rice-duck ecosystems in the epidemiology of AI in SE Asia. The influence of environmental variables on AIV prevalence depends on the landscape context (Si et al. 2010) , and hence risk factors for one area may not be as relevant elsewhere (Williams and Peterson 2009 ). There is a clear need in this context for better hypotheses and theories that connect landscape structure and dynamics, in a general sense, to the prevalence of AIVs.
Domestic poultry farming
Domestic poultry is a potential source of both high and low pathogenic influenza viruses for human and wild bird populations. In most highly intensive poultry production systems, birds are caged and the risks of transmission from domestic to wild birds (or vice versa) are relatively low ). Higher risks for wild-domestic contact are posed by free range poultry, backyard poultry, live bird markets, and systems such as ostrich farms and duck ponds in which birds are held in fenced outdoors enclosures (Songserm et al. 2006 ). Smith and Dunipace (2011) have argued, based on data from an AIV outbreak in Canada, that the potential contribution of backyard flocks to epidemic spread is small; but it is unclear whether this can be more generally assumed. Waste disposal from commercial farms may also be a route for viral transmission, suggesting a possible role for anthropogenic infrastructure in the landscape epidemiology of influenza viruses.
Poultry farm density, the type of poultry production system (e.g., free-range production), the related level of biosecurity, and movement patterns between farms (e.g., of birds, people, and vehicles) influence AIV transmission and maintenance. The highest farm density is in Southeast Asia, where heterogeneous levels of biosecurity give AIVs opportunities to spread (Songserm et al. 2006) . Intensive production systems in Southeast Asia often include direct contact between people, ducks, and pigs, making this the most likely location for the emergence of new HPAI strains in domestic poultry.
Western Europe has a more intensive, less dense, and more secure poultry production system, making it less suitable for AIV maintenance and spread. There is a considerable amount of backyard and free range poultry production in intensively farmed European landscapes, but less mixing between different kinds of production system. Analysis of an AIV outbreak in the Netherlands found no evidence for a role for European backyard or free range poultry in the probability of . Domestic production of non-gallinaceous species, such as ducks in Southeast Asia or ostriches in Southern Africa, can introduce a large population of alternative hosts for AIVs. The role of domestic ducks raised in large flocks in paddy fields is now accepted in the maintenance of AIVs (Desvaux et al. 2011 ) and recurrent AIV outbreaks in ostrich farms in South Africa have the potential to spread to poultry (Abolnik et al. 2007 . Outbreaks of HPAI H5N2 in ostriches in 2004, 2006 and 2011 indicate that a change from low to highly pathogenic viral strains is possible in this species. Ostrich production occurs almost entirely outdoors (Fig. 3) , where contact with wild birds (including wild waterfowl) is common.
Other pathogens and parasites
Infectious agents do not circulate in isolation; host individuals are co-infected by microorganisms that can interact with each other, either directly (Massey et al. 2004) or indirectly (Biancotto et al. 2008) , with potentially serious consequences for microbial dynamics and host health (Abu-Raddad et al. 2006; Telfer et al. 2010 ), inter-individual or inter-population variations in pathogenicity (Ives et al. 2011) , and disease control (Modjarrad and Vermund 2010) .
Influenza viruses can synergistically interact with respiratory bacteria, such as Pneumococcus in humans (McCullers 2006) or Haemophilus parasuis in swine (Mussa et al. 2012) , predisposing the host to, and worsening, bacterial infections. Co-infection of chickens or turkeys with LPAIV and Newcastle Disease Virus alters the replication dynamics of both viruses, although not the clinical signs (Costa-Hurtado et al. 2014) . Commensal bacteria modulate host immune response against influenza A virus (Ichinohe et al. 2011) . Little is known about geographic variation in internal microbial and parasite communities, but it seems likely that the structure and composition of the host microbiota (Yatsunenko et al. 2012) will differ between populations and geographical regions. imposes veterinary certification requirements for the importation and transit through of poultry products within the European Union community. The EU has compulsory surveillance programs for AIV in both poultry and wild birds (Pittman and Laddomada 2007) . Contrary to other regions, hunting activities are also important in monitoring and surveillance. Hunters provide bird samples for AIV testing and alert authorities of unusual bird mortality (Green and Elmberg 2014) , and the hand-rearing and release of ducks for hunting also affects local AIV dynamics (Vittecoq et al. 2014) . Within the region, compliance is high and response to outbreaks swift.
In Southeast Asia, a framework implemented by the Association of Southeast Asian Nations (ASEAN) for the control and eradication of HPAI in ASEAN countries is in effect (ASEAN 2010). The policy is similar to that of Western Europe, but the high number of birds in backyard production systems and disparity in socioeconomic status between member states translate into important differences in AIV control. For example, in member states with primarily backyard production systems, surveillance is difficult or absent (Rushton et al. 2005) ; and Cambodia, one of the poorest countries of the region, offers no compensation for culled poultry. This results in delayed or no reporting of potentially infected poultry (Rushton et al. 2005; ASEAN 2010) .
Control measures for HPAI in Southern Africa were drafted at Southern African Development Community level through the OIE/FAO Regional Animal Health Centre (RAHC) in Gaborone, Botswana (RAHC 2013) . Southern Africa has many of the same implementation issues as Southeast Asia, particularly in relation to capacity to implement surveillance programs and the difficult task of surveying widely dispersed backyard poultry.
In general, policy and legislation for AIV at global, regional and local levels are similar, particularly for HPAI. The more important uncertainty is whether local regulatory bodies can enforce existing policies. Regions such as the EU have the necessary capacity, but many countries in the Asian and African contexts are inadequately equipped to control AIV in domestic poultry. The longer an AIV circulates, the more it spreads and the greater chance it has to mutate. The virus may then become endemic, creating a long-term problem, as with H5N1 HPAI in countries such as Bangladesh, China, Egypt, India, Indonesia, and Vietnam.
Policy and legislation are also highly relevant as drivers and modulators of land use and land cover change. It is beyond the scope of this article to review the huge body of work on the influence of institutions on agriculture and forestry; the interested reader is referred to Ostrom (2009) and Lambin and Geist (2006) .
Landscape influences
The landscape epidemiology of AIV in wild birds is strongly influenced by landscape structure and context. Wetlands differ in their biophysical properties, the degree to which they provide suitable foraging, roosting, and breeding sites, their degree of human disturbance, and the predator populations in their immediate surroundings. Similarly, the availability of food within the broader landscape and its variation in time are likely to be important drivers of the seasonal movements of ducks, particularly outside breeding and moulting periods . Human agricultural activities provide year-round food for grazing species via irrigated agriculture, and adjacent waterbodies are often eutrophic and suitable for dabbling ducks (Mangnall and Crowe 2003; Cumming et al. 2013 ). Water quality and quantity are influenced by changes in the distribution and amount of different habitat types in the upstream catchment, including growth or loss of forest, fire regimes, and agricultural fertilization and management practices (Tilman et al. 2001; Likens 2004) . These broad-scale changes alter habitat suitability and affect the reproductive success of duck populations, potentially leading to subtle shifts in anatid community composition and abundance (Okes et al. 2008) .
Anatid species that are disturbance-tolerant and relatively robust, such as Canada Geese (Branta candensis Linnaeus, 1758) and Egyptian Geese, are often favoured by human impacts on wetlands and their surroundings (e.g., creation of lawns and secure roosting sites at golf courses and on lakeshores; Okes et al. 2008) . Other species that are less disturbance-tolerant and require particular kinds of habitat, such as the water lilydependent African Pygmy Goose, often fare worse where human impacts are heavy (Okes et al. 2008) .
Southern Africa is a water-scarce region (Seckler et al. 1998) in which water levels in impoundments are often maintained through the early part of the dry season and then rapidly lowered via irrigation towards the end of the dry season. Changes in river flow regimes and the loss of natural drydowns can have substantial impacts on aquatic ecosystems and the waterbirds that depend on them (Kingsford et al. 2004; Cumming et al. 2012b ). Alterations to flow regimes affect not only the productivity of individual wetlands but also the likelihoods of such events as long distance dispersal, the formation of large aggregations of waterbirds, and the chance of individual birds opting to remain at a wetland through the dry season rather than disperse. Similarly, small impoundments created for irrigation and livestock are often scattered across arid landscapes and may provide year-round habitat for dabbling and potentially diving ducks (Petrie and Rogers 1997a) .
The landscape-wide influence of water management is arguably lower in the wetter environments of Western Europe and Southeast Asia, although historic losses of floodplains in Europe must have had severe impacts on duck populations. In Western Europe, broad-scale landscape modification and intensive farming have had significant effects on waterfowl. For example, the expansion of the mute swan (Cygnus olor Gmelin, 1789) population is in part due to food subsidies provided by nitrogen and calcium rich croplands that are important in reproduction (Fouque et al. 2007 ). In the Camargue, France, division of the marshes and large inputs of freshwater have resulted in lower water salinity and longer flood periods, leading to losses of biological diversity and higher plant biomass favouring use by wintering waterfowl (Tamisier and Grillas 1994) . A confounding issue is that loss of wetland habitat may at least initially favour larger aggregations and overcrowding of waterfowl at remaining wintering, breeding and stopover sites. This in turn may lead to higher probabilities of contact between domestic and wild birds (Vandegrift et al. 2010) .
In Thailand, irrigation has enabled year-round or 'second harvest' rice cropping that supports higher densities of domesticated free-ranging duck populations that rely on postharvest rice fields for nutrition (Gilbert et al. 2006) while also helping to control snail populations. The co-occurrence of rice cultivation and wetlands connects domestic and wild duck populations and promotes AIV circulation, often enhanced by the captive rearing of waterfowl on wetland shores (Feare et al. 2010) . In these areas, HPAI H5N1 outbreaks in domestic poultry are frequent, suggesting a possible causal link (Gilbert et al. 2008) . Additionally, the conversion of forest to rice paddies increases the total habitat available for species that can host AIVs.
As these examples show, the anthropogenic impacts of aseasonal resource provision for some but not all prospective host species, combined with dampened overall variation in resource provision, can have profound implications for both hosts and pathogens. Although there are differences in the details of different anthropogenic impacts across our three case study regions, it is clear that human landscape modification is of central importance in understanding the landscape epidemiology of avian influenza.
Economic actors
Increasing affluence and global population growth have intensified consumer demand for livestock-derived protein (Leibler et al. 2009 ). Poultry production is the fastest growing livestock subsector globally, with a current annual growth rate of 4.3 %. Per capita production growth for other meat products has been stagnant or negligible (FAOSTAT 2013) . The poultry subsector produces over 99 Mt of meat (c. one third of total global meat production) and 69 Mt of eggs per annum (FAOSTAT 2013) . Poultry production is geographically concentrated (Fig. 1) and[9 Mt of poultry meat are moved internationally each year (FAOSTAT 2013) . Most chickens and turkeys are produced from commercial parent breeds that are confined in houses of 15,000-70,000 birds (Leibler et al. 2009 ). Although large commercial farms have good biosecurity and containment, the densities at which birds are housed facilitate rapid and efficient transmission of virulent AIVs (Vandegrift et al. 2010) .
Poultry production per region varies greatly, with Western Europe producing almost three times more than Southern Africa and twice as much as Southeast Asia. Western Europe is one of the world's leading producers of eggs and poultry meat, with nearly 1.9 b broilers, 129 M turkeys, [100 M ducks and geese, and 150 M egglaying birds (Windhorst 2007) . France is the world's fifth largest producer of poultry meat (Fermet-Quinet and Bussière 2007), with 24,500 poultry farms and around 235 M birds. France also differs from most other poultry producing countries in that it supports hundreds of thousands of backyard poultry owners.
In contrast to other regions, waterfowl hunting is an important sporting activity in Western Europe, with [6.7 M registered hunters and[7.6 M waterfowl and 4.2 M shorebirds hunted annually (Hirschfeld and Heyd 2005; Mooij 2005 ). Mathevet (2000) demonstrated that the Camargue generates about €10 million annually through hunting activities and may even rival income generation from agricultural activities (Mathevet and Mesléard 2002) . It is unclear whether hunters' perceptions of AIVs and associated risks have any influence on the hunting industry (and hence, on the economic values associated with wetlands).
Southeast Asia produces [2.9 Mt of poultry per annum (FAOSTAT 2013) . Roughly 90 % of all poultry production in the region is in small extensive or backyard type operations Rushton et al. 2005) . Poultry production systems in Southeast Asia are exceptionally diverse. Unlike the rest of Southeast Asia, the majority of poultry produced in Thailand is commercial ; produces 91 M broilers, 72 M native chickens, and 27 M ducks per annum and supports 24 M laying birds (Rushton et al. 2005) . By comparison, Myanmar produces [93.7 M chickens and 11.2 M ducks per annum in small-scale, market-oriented systems (Burgos et al. 2010) .
The poultry sector in Southern Africa is growing at 6 % per annum, faster than in the other two regions. It supports approximately 380 M birds that produce 1.6 Mt of meat and 0.5 Mt of eggs per annum. An estimated 60-70 % of all poultry is in smallholder free-range systems and traded in live bird markets (FAOSTAT 2013) . South Africa dominates commercial production in the region, producing 1.4 Mt of poultry meat per annum. Very little duck meat (393 t in South Africa for 2012) and no turkey meat are produced, due to problems with seasonality of moulting (turkeys), water availability (duck production), and lack of consumer demand for these meats. South Africa's ostrich industry is also relevant for avian influenza. South Africa has dominated global trade in ostrich products (meat, leather, and feathers) for well over a century (Mather and Marshall 2011) and is the current world leader in ostrich production, with 65 % of global market share (DAFF 2011). The South African ostrich production system is worth[1.2 b Rand (about 118 m US dollars) per annum. Ostrich production is largely outdoors, where domestic birds may come into contact with grazing wild waterfowl (Burger et al. 2012) . HPAI outbreaks, such as the H5N2 outbreak of 2011, can have devastating consequences for the industry (Moore et al. 2014 ).
The differences in production systems between the three regions have important consequences for AIV maintenance, spread and evolution within the broader landscape. All support free-range poultry, but in varying degrees. Backyard systems with free-range ducks or chickens have little or no biosecurity. Domestic birds are free to mix with wild species, and frequently consist of multi-age flocks that can support persistent enzootic virus transmission (Gilbert et al. 2006 (Gilbert et al. , 2008 . Domestic ducks in Southeast Asia are usually farmed in rice paddies, where they come into contact with wild waterfowl (Rushton et al. 2005) , and kept inside the home during the night, increasing contact with humans (Vandegrift et al. 2010 ). Village poultry systems play an essential role in rural Landscape Ecol (2015) 30:963-985 975 livelihoods in Southeast Asia, and AIV outbreaks can be devastating to communities (Tiensin et al. 2007 ). Differences in host susceptibility to AIV and the relative proportions of poultry species between the three regions also influence the ecology of AIV in these areas. Gallinaceous poultry (chickens and turkeys) are considered to be highly susceptible to infection with AIV strains, producing clinical disease varying from severe with high mortalities (HPAI) to mild with drops in egg production (LPAI). Ducks and ostriches (both domestic and wild) display few or no clinical signs, despite being effective propagators and disseminators of AIV (Perkins and Swayne 2002; Abolnik et al. 2012) .
Poultry trade in and between some developing countries may carry a larger risk of viral spread due to infrequent testing, quarantine and poorly regulated trade (Vandegrift et al. 2010) . Live animal markets are common in the developing world and play an integral role in the dynamics of influenza virus transmission and evolution. They have been implicated in a number of AIV outbreaks and in facilitating enzootic influenza virus transmission worldwide (Ito et al. 2001) , including H5N1 in Hong Kong (Ellis et al. 2004) and in other parts of Asia (Cardona et al. 2009 ). Markets can also be hotspots for viral evolution because they bring together different species of animals from different geographical areas into an unsanitary environment, potentially facilitating reassortment between viruses (Webster 2004 ).
Macro-scale influences
At regional and global extents, and over longer time periods, a number of broad-scale factors contribute to the shifting mosaic of AIVs across European, African, and Asian landscapes. Climate change since the 1970s has already altered the breeding patterns and migration distances of European species (Lehikoinen et al. 2013) . As climates become warmer, ducks are able to find sufficient winter food to remain at higher latitudes. If European and north Asian ducks reduce their migration distances, and if fewer individuals migrate, the likely consequence for AIVs will be a profound reduction in the global connectivity of different regions.
Although warmer water is less favourable for viral persistence, climate change will not necessarily reduce AIV prevalence. In arid areas, reductions in precipitation may lead to larger dry season aggregations of birds and greater competition for food (and hence, greater stress and greater susceptibility to infections). Conversely, increases in precipitation may increase available resources and/or contribute to predator release for highly mobile, opportunistic duck populations. In general, climate change is likely to introduce even greater variability into duck populations and movements, making monitoring and control of AIVs more difficult. Climate change will also have both direct and indirect effects on agriculture and related patterns of water management (Huntjens et al. 2011; Viviroli et al. 2011) , again with relatively unpredictable consequences for waterbird populations and AIV transmission cycles (Both 2010; Slenning 2010) .
Also at broader scales, technological innovations, global demand for food, and trends in agricultural economics have the potential to influence AIV dynamics. As farming systems in Africa and Asia shift from extensive to intensive models to meet global food demand (Pretty et al. 2011; Pingali 2012) , areas of monoculture may become more appealing to grazing anatids; levels of fertilizer use (hence, impacts on waterbodies) are likely to increase; and irrigated agriculture may create additional habitat for ducks and hence for AIVs. Changes in farming practices (e.g., the use of alfalfa on fields, or shifts from rice farming to aquaculture) can further affect the ability of a given habitat to maintain AIVs.
The relevance of economic factors for epidemiology is receiving increased attention in the emerging field of epidemiological economics (Perrings et al. 2014 ). Epidemiological economics, or EE, focuses on the ways in which economic factors influence human decisions about how and with whom they interact. Since many local economic interactions demand contact, people's willingness to engage in certain kinds of economic activity may be altered by their perceptions of the risks associated with contact. For example, Fenichel et al. (2013) have demonstrated that perceptions of the risk of contracting highly pathogenic influenzas can have significant economic implications for airlines. Similarly, the perceptions of people and governments of food safety or quality can have important implications for AIV circulation. The AIV risk posed by poultry consumption led to drastic reductions in poultry consumption during the 2005-2006 HPAI H5N1 panzootic (Figuie and Fournier 2008) and governments adopted related policies (Figuié 2013) . Such impacts are often short term, but their consequences for food consumption habits can persist. At broader scales, and across landscapes, EE implies that macroeconomic incentives and policies that have implications for agricultural practices, human behaviour, migration, and ecosystem management-such as labour laws or agricultural subsidiesmay also play important roles in both human and wildlife pathogen dynamics.
Lastly, regional and international economic competition and the growing global demand for meat may impact production systems. Shifts in cost: benefit ratios may make ostrich farming less sustainable in Southern Africa; and if global demand for duck meat increases, a duck production industry may develop. Changes in ostrich, duck, and poultry populations and farming practices could have significant influences on regional patterns of AIV occurrence.
Synthesis of regional patterns
There are common elements but also some important regional differences in the various influences on the epidemiology of AIVs (Table 2) . Consideration of our systems model (Fig. 2 ) and the differences indicated in Table 2 suggests that important regional differences are to be expected in many of the cause-effect relationships that relate to avian influenza prevalence and dynamics. These differences will in turn lead to differences in transmission cycles and infection risks within both domestic and wild populations of birds, and in relation to people. As a result, we would expect different variables and different interactions to be more important in predicting and managing avian influenza in different regions.
In Western Europe, with its cold winters, less diverse bird fauna, thoroughly implemented control policies, and lower rates of land cover change, the primary drivers of avian influenza dynamics seem likely to be climate and the long-distance, migratory movements of waterbirds. Predictable bird movements make it easier to identify areas and seasons that increase the risk of spillover from wild to domestic birds. The more biosecure poultry sector and compliance of most stakeholders to EU policy minimise the threat of AIV to poultry, with rapid responses to outbreaks resulting in an almost negligible threat of local AIV zoonosis. Risk remains from exogenous introductions through poultry trade, wild bird migration, and potential introduction of a human-tohuman transmissible strain via travel.
In Southeast Asia, with its warm, wet climate, diverse and highly mobile bird fauna, often poorly implemented control policies, and high numbers of backyard poultry, the primary drivers of avian influenza dynamics seem likely to be fine-scale farming practices (especially rice cultivation and domestic duck production) and domestic bird movements, particularly where these relate to domestic ducks and their interactions with wild waterfowl and people. As in the other regions, a pool of AIVs is maintained in wild birds. However, the recent massive expansion of the wild/domestic bird interface has created multiple and frequent opportunities for AIV spillover from wild to domestic birds. The heterogeneity of policy enforcement in Southeast Asia prevents an efficient control of AIV in domestic populations. Unlike other regions, the domestic bird/human interface is extensive and some cultural/traditional practices promote bird-human transmission leading to zoonotic avian influenza. This region has the highest risk of AIV emergence, maintenance and spread and little risk from exogenous AIV introduction.
In Southern Africa, with its arid climate, diverse bird fauna, lack of migratory ducks, well developed but not always well-implemented control policies, and faster rates of land cover change, the primary drivers of avian influenza dynamics seem likely to be broadscale human agricultural and water management practices. These practices affect the populations and movements of wild birds. Thus far there appears to be low or no risk of introductions of AIV to gallinaceous poultry, since no outbreaks besides LPAI H6N2 (which originated from ostriches) have been recorded in the region. The ostrich farming regions are the key susceptible poultry production system in this region, but the lack of both migratory anatids and interactions between ducks and free-range chickens reduces the probability of wild bird introductions. Risks nonetheless arise from exogenous introductions via the illegal poultry trade and potential introduction of a human-tohuman transmissible strain via travel.
In all three regions, our review suggests that broadscale economic factors, such as global commodity prices and technological innovations that influence farming practices and land cover change, may have significant effects on communities of AIVs through their effects on the spatial pattern and the abundance Landscape Ecol (2015) 30:963-985 977 
Discussion
Comparisons between different regions suggest that the same cause-effect relationships may play out differently, and with different consequences for our understanding of the landscape epidemiology of AIVs, in different regions. This means that if we are to develop a general understanding of the mechanisms that underlie AIV transmission, we need to find ways of undertaking research that tests the same hypotheses in comparable ways in different regions. At the same time, assumptions that are derived from any single region must be considered as working hypotheses until they have been validated in other systems. For example, widely held assumptions based on northern hemisphere findings about the importance of migratory ducks or large congregation sites of shorebirds (Krauss et al. 2010) as the primary sources of AIVs were not substantiated for Africa Gaidet et al. 2012b ) despite clear evidence of a Eurasian origin for AIVs entering Southern Africa (Abolnik et al. 2006 ). Regional differences combined with geographic connectivity emphasize the need for a global-to-local approach to disease surveillance and control, because a failure to respond appropriately in one region can have consequences for other regions. Our case study of avian influenza provides some important insights not only for our understanding of avian influenza, but also more generally for the further development of landscape epidemiology. Analysis of disease in wildlife populations has suggested that (1) many wildlife diseases are related to anthropogenic activities (Daszak et al. 2001a) , and (2) R0, the basic reproductive number, a parameter used to estimate the number of cases one case generates on average over the course of its infectious period, is highly sensitive to heterogeneity in the spatial structure of the host population and/or the ability of pathogens to use multiple different host species (Dobson and Foufopoulos 2001) . Understanding and predicting the development and spread of pathogens across landscapes will require that the activities of people and the relevance of spatial structuring in host populations be taken into account. Broad-scale spatial analysis is therefore essential for understanding and interpreting host-pathogen dynamics.
Layered over direct influences on epidemiology are many feedbacks and further complexities. For example, as we have argued, the local impacts of people on landscape pattern are further influenced by a set of regional and global variables such as agricultural policies and global food prices. These influences often have non-trivial implications for landscape structure and the movements of animals. In the case of Nipah and Hendra viruses, for example, fruit bat vectors may fly long distances to feed on cultivated fruit trees. Agricultural phenology thus plays an important role in their epidemiology (Daszak et al. 2006) . Feedbacks between broad-scale and local-scale influences, such as between climate trends, economic demand, and cropping systems, can have unexpected knock-on effects on zoonotic prevalence in a given region. In some cases, identifying cross-scale effects will simply require the adaptation of existing data sets (e.g., land use and land cover change data) to yield more pathogen-specific information. In other cases, such as the interactions of pathogens with other pathogenic or non-pathogenic agents and with the microbiome, little is known and more research is needed. Similar questions and gaps arise for many emerging zoonoses; the key to progress is to turn these problems to our advantage. We propose that general systems models, based on proposed mechanisms rather than broad-brush correlations, should become the standard starting point for enquiry into the landscape epidemiology of cosmopolitan pathogens. The second step, which we have not attempted in this review article, is to quantify the different hypothesized interactions within the model and confront them with data. The scope of the problem is such that this may demand the use of initially incomplete or partial data sets. Progress in developing a more general framework for the landscape epidemiology of any single widespread pathogen will require a level of willingness to see what we can do with what we have, in the interests of hypothesis development, and openness from the scientific community when evaluating what may seem to be counterintuitive results from less widely studied regions. International collaborations, in which different experiences and seemingly contradictory findings are shared and discussed, will be vital for our broader understanding of globally distributed pathogens. Where patternbased (correlative) analyses differ in their findings, regional differences in pathogen occurrences offer valuable opportunities for testing and comparing alternative causal explanations. This will mean adopting a multi-scale, systems-oriented perspective on pathogens and parasites (e.g. , Cumming 2007b; Plowright et al. 2008) to fully embed landscape epidemiology within a global change research paradigm.
